Characteristics of the transient turbulent flow in a funnel thin slab continuous casting mold are studied using a large eddy simulation (LES) computational approach. Validations were done through comparison with previous experimental data of the mean velocities and the instantaneous velocities, and good qualitative and quantitative agreements are obtained. The turbulence flow inside the mold consists of various scales vortices; many pronounced large scale vortex structures were clear found inside the mold, containing various small scale vortices between them. The boundary shear flow can separate from the narrow wall and transport vorticity into the interior flow, and then possibly develop into a vortex. The intermittent chaotic vortex formation on both sides of the SEN is found at the meniscus. Three types of vortex phenomena are identified: one big vortex, two vortices and three small vortices. The positions and sizes are different, and the vortexes are located at the low velocity sides adjacent to the SEN. Significant asymmetry is seen in the instantaneous flow in the two halves of the thin slab mold cavity, especially in the lower recirculation zone. The periodical behavior of asymmetric flow inside the liquid pool was identified and characterized. The spectrum of velocities shows that the mean time interval for periodical changeover is 14.28 seconds.
Introduction
Near-net-shape casting 1, 2) of flat products is one of the true technological adventures that the steel industry has undertaken in the last 30 years. As an important commercial near-net-shape casting technology, thin slab continuous casting (TSCC) process [3] [4] [5] has been developed rapidly and used widely to reduce production cost and the amount of scrap and improve productivity in steel industry. One significant feature of TSCC, different from that of conventional slab casting, is the use of the funnel-type mold, which provides the necessary space for the submerged entry nozzle (SEN) to conduct molten steel into the thin slab mold. Due to the high casting speed and high width to thickness ratio for thin slab caster, the molten steel flows inside the mold with intense turbulence. The turbulence flow [6] [7] [8] of molten steel plays a key role in slab quality since it influences the solidification procedure, mold powder entrapment and the floatation of non-metallic inclusions. Therefore, control and optimization of the turbulent flow play an important role in attaining a better product quality.
According to recent plant observations and detections, the distribution of argon bubbles and non-metallic inclusions captured by solidified shell in the rolled steel plates was intermittent and asymmetric; [8] [9] [10] suggesting that the fluid flow inside the mold was unsteady and instable. Several physical modeling studies 8, 10, [11] [12] [13] [14] [15] [16] [17] have been carried out to reproduce the asymmetrical and oscillating fluid flow inside the casting mold. Gupta et al. 11, 12) found that the flow pattern in the lower recirculation zone of a traditional slab mold was asymmetric and oscillating about the central plane with a random period. They hypothesized that the origin of the asymmetrical flows was due to a swirl cycle when the jets hit the wide face of the mold and then the flow goes up or down below the SEN port level. Honeyands et al. 13) investigated the time dependent flow phenomena in a 1:6 scale water model of thin slab caster, and observed that the fluid flow pattern were neither steady nor symmetric, instead oscillated periodically. Shen et al. 14) studied the instability of fluid flow and level fluctuation in a full scale water model of thin slab caster; found that the internal fluid flow and level fluctuation were unsteady and periodical. Figure 1(a) shows the flow pattern inside their water model using the particle image visualization method, it can be seen that the positions of the two vortex cores were asymmetric. Wang et al. 15) performed another full scale water model to investigate the transient asymmetrical fluid flow inside a thin slab mold without and with air injection, respectively, as shown in Figs. 1(b) and 1(c). A periodical level fluctuation had been found in their water experiments, as called meniscus dynamic distortion (MDD). Recently, Torres-alonso et al. 16 ) studied the cyclic turbulent instabilities in a thin slab mold using a water-physical model of a funnel-type thin slab mold, a lowfrequency and energetic flow distortion was identified. And a theoretical hypothesis was proposed to explain the origins of the dynamic distortion on a temporal unbalance of the turbulent kinetic energy. Experimental measurements on an actual thin slab continuous casting machine are very difficult, dangerous and expensive. Numerical modeling provides an alternative tool to understand and solve this kind of problem. Most of the reported mathematical models have been performed using the Reynolds averaged Navier-Stokes (RANS) models, [18] [19] [20] [21] such as the k-ε or Reynolds stresses. These models predict time-averaged velocities with reasonable accuracy and at a reasonable computational. However, these models, limited by the RANS's nature, are not suited for modeling the evolution of transient flow pattern triggered by flow instabilities. As shown in Fig. 2 , obtained from the k-ε model, the predicted flow pattern inside the present calculation mold was symmetric and stable, failure to explain the asymmetrical and oscillating fluid flow inside the mold. In recent studies, 8, 10, 22, 23) the large eddy simulation (LES) has been successfully applied to obtain the transient asymmetrical flow inside the mold. Yuan et al. 22) combined LES and particle image velocimetry (PIV) measurements in a scaled water model, finding good agreement between both types of data. Many transient phenomena have been observed using LES and PIV measurement?which RANS model cannot simulate. The asymmetric flow was found between the two rolls in the lower recirculation region, which was important for the inclusion motion and bubble entrapment. RamosBanderas et al. 23) studied the fluid flow of water in a slab mold using LES and PIV, founding the asymmetrical flow and the flow pattern changed with time as a consequence of the vertical oscillation of the jet core. Recently, authors developed different LES models for the single phase (molten steel) flow 8) and the two-phase (molten steel and argon gas) flow 10) inside the slab mold, respectively. Both of simulation results agree acceptably well with the water model experimental measurements of instantaneous flow structures. The flow pattern in the lower recirculation zone is asymmetric and changeover; the direction of flow deviation is different from time to time. However, relatively little work has been reported on the periodicity of the asymmetrical flow in the funnel thin slab caster using LES. This information is important for finding some effective methods to improve the quality of steel product.
In this work, the instability and periodicity behaviors of the asymmetrical flow in a funnel thin slab caster are analyzed using LES model. Comparisons with previous measurements 22, 24, 25) are made where available, including velocities along the flow jet, below the top surface, and some monitoring points. The complex vorticity fields and asymmetrical flow patterns inside the mold and the various vortices on the top surface are obtained by this model. To accomplish the dynamic analysis of the turbulence flow inside the mold, 5 given monitoring points were defined. The periodic frequencies of the asymmetrical flow are analyzed through a frequency analysis of several velocity magnitude time series on these points.
Model Formulation
Turbulence flow is characterized by eddies with a wide range of length and time scales. The largest eddies are typically comparable in size to the characteristic length of the mean flow. The smallest scales are responsible for the dissipation of turbulence kinetic energy. In the context of LES, the large-scale eddies are resolved directly in the sim- Table 1 ). © 2015 ISIJ ulation. However, the small-scale eddies are less dependent on the geometry, tend to be more isotropic. So the dissipative effect of the small-scale eddies is represented using a sub-grid scale (SGS) model.
Governing Equation
The governing equations employed for LES are obtained by filtering the time-dependent Navier-Stokes equations. The filtering process effectively filters out the eddies whose scales are smaller than the filter width (grid size) used in the computations.
A filtered variable is defined by:
where D is the fluid domain, and G(x, x′) is the filter function that determines the scale of the resolved eddies. The cassette filter function 23) was used in this work, G(x, x′) can be expressed as: (2) where V = ΔxΔyΔz is the volume of a computational cell.
Filtering the Navier-Stokes equations, the resulting equations thus govern the dynamics of large eddies as:
where u, t, P, ρ, v, and τij is filtered velocity, time, pressure, density, kinematic viscosity, and sub-grid scale stress. The subscripts i and j represent the three Cartesian directions and repeated subscripts imply summation.
To model the dissipative effect of the small-scale eddies, the Smagorinsky SGS model 26) is employed in this work.
The sub-grid scale stress τij is defined by: (6) where Cs is the Smagorinsky constant, Cs = 0.1; L is the mixing length for sub-grid scales,
Computational Details
The computational domain of this funnel thin slab mold includes the entire SEN, the complete mold region and extended part. Figure 3 schematically shows the important geometry structures and parameters for this computational model. The main characteristic of this mold is the funnel shaped design with an enlarged opening in the upper part of the mold, as shown in Fig. 3(E) , which is the actual mold. The maximum thickness of the funnel-type casting area is 190 mm, and the height is 850 mm. As the molten steel travels through the downwardly converging funnel-type casting area, funnel thickness directly diminishes to the extent (70 mm) that it is equal to the thickness of the actual mold. The geometrical, physical properties and operating conditions used in numerical simulation model are shown in Table 1 (Case A1).
A constant velocity inlet boundary condition based on the casting speed at the inlet of the SEN and a constant pressure outlet condition at the bottom of the calculation domain are applied. The top surface of the molten steel in the mold is Table 1 ). (7) where y + is the dimensionless distance; Δ is the feature length,
; a constant values 2.6 for A + . In order to capture enough large-scale eddies structure characteristics to analyze the dynamic state of molten steel inside the mold, the calculation domain is divided to be 1.8 × 10 6 finite volumes. The time-dependent filtered NavierStokes equations are solved using the SIMPLEC pressurevelocity coupling terms. Second-order upwind is used for the momentum discretization terms. The time step size is 1 × 10 -4 seconds. And the calculation time is 200 seconds.
Model Validation
In order to validate the accuracy of the numerical model, predicted velocity profiles are compared with previous experimental measurements on different water models, and the details of geometry and operating conditions corresponding to cases A2, A3 and A4, as shown in Table 1 . Further details are available elsewhere. 22, 24, 25) Figures 4(a) to 4(d) present the predicted velocity profiles at different times for case A2 against the time-averaged velocity ( ) of the fluid which was measured using the hot-wire anemometers in a previous work.
24 ) The measurements (two sets of data, taken at different times) were made along four vertical lines in the center plane at specified distances from the SEN, respectively, were 51, 102, 460 and 921 mm from the SEN at one half of the mold. These figures show an agreement between predicted and measured velocities both qualitatively and quantitatively. Some small discrepancies occur at individual areas, for example 0.1 to 0.25 m below the top surface along the line 102 mm from the SEN. This might be due to the uncertainties in the experimental measurements. From the predicted velocity profiles at different times (50, 53 and 57 s, respectively), it can be seen that significant differences exist between them. So the reason for these small discrepancies is likely due to the insufficient time for calculating statistics.
The locally predicted velocity profiles at a special time (50 s) for case A3 against the measured velocities 25) at Inland Steel are shown in Fig. 5 . The measurements of timeaveraged velocity were made along a vertical line in the center plane at 5 mm from the narrow wall of the mold. The comparison suggests that the predictions agree reasonably well with the measurements, except for some small differences in magnitude. These measurements also show that the velocity on the right side of the water model is larger than that of the left side. This flow asymmetry can be accounted for in this LES model results here.
The highly turbulent fluid flow history plays an important role on flow behavior inside a continuous casting mold. A comparison of the LES model with previous measurements 22) of transient horizontal velocities toward the SEN at a typical point a 0.4-scale water model for case A4 is presented in Table 1 ). © 2015 ISIJ 
Results and Discussion

Instantaneous Flow Structures
The instantaneous flow structure is important, because it greatly affects the transport of harmful non-metallic inclusions inside the liquid pool. A typical instantaneous velocity field in the liquid pool obtained from the LES model is shown in Fig. 7 . Molten steel escapes from the SEN port as a strong jet, diffuses as it traverses across the liquid pool, impinges on the narrow wall, and splits into two recirculation zones consisting of complex multiple vortex structures. The whole flow field is obvious asymmetry, as shown in Fig. 7(a) . Comparing with the results shown in Fig. 2 , the LES model can capture more details of the turbulent flow. The flow consists of a range of scales, as seen by the velocity variations within the flow field. Several large-scale vortices can be observed both in the upper roll and lower roll of the liquid pool, which suggests the dominance of largescale structures in these regions. In addition, a lot of smallscale vortices can be observed between these large-scale vortices. Along the top surface, velocity from the right narrow wall to the SEN is larger than the left one, owing to the asymmetrical flow in the upper roll. Figure 7 (b) shows the flow field in the cross section of 10 mm below the top surface (meniscus). It can be seen that the flow structure is not symmetric and a big vortex is observed near the SEN on the left side of the mold, corresponding the direction of Fig. 7(a) . This vortex is composed of a three-dimensional downward flow toward the outlet and a two-dimensional rotation planar vortex. It can cause the mold powder entrapment and carry the entrapped flux deeply down into the molten pool. So understanding the vortex formation is important for improving the quality of steel product. More details of vortex flow behaviors on the meniscus are presented in the next section.
Instantaneous Vorticity Fields
It is well known that the swirling flow (vortex) is found in both upper and lower roll of the continuous casting mold, which can trigger instabilities of the molten steel flow. Therefore, it is necessary to analyze the vortex distribution inside the mold. Vorticity represents the orientation and angular velocity of local rotation and therefore it is often used as a criterion for the existence of vortices, and also used to describe the creation, transformation and extinction of vortex. In order to get a better understanding of the turbulent flow inside the liquid pool, it is of interest to examine the vorticity distribution and its role in vortex phenomena.
Vorticity is a measure for the rotation of fluid element (velocity swirling strength) in the flow field, namely the curl of velocity field, is twice as the rotating speed of fluid: (8) where Ω is vorticity; is velocity vector of molten steel, ω is the rotate angular speed of molten steel. Figure 8 shows the vorticity field of molten steel inside the liquid pool of the thin slab mold, (a) is the iso-surface distribution of various vorticity magnitudes; (b) is the 2-D vorticity distribution in the center plane; (c) is the 2-D vorticity distribution in various cross sections and the isosurface distribution of high intensity vorticity. Vorticity is Table 1 ). However, the vorticity is presented not only in vortices but also in shear flow, and the boundary shear flow often plays an important role in the creation of vortices. As shown in Figs. 8(b) and 8(c) , the highest vorticity magnitudes often can be found along the jet and near the narrow wall rather than within vortices. This can help the understanding of how boundary shear flow detaches and contributes to vortices. The shear flow can separate from the boundary, this way transporting vorticity into the interior of the flow, and possibly developing into a vortex, as shown in Fig. 8(c) , at the lower roll of the mold.
Meniscus Instability
Transient flow, caused by wobbling jets, may cause intermittent chaotic vortex formation on both sides of the SEN at the meniscus. This vortex phenomenon can make the molten steel generate downward suction to involve the liquid slag into the steel pool, and deteriorate cleanness of the molten steel. Many water modeling studies have revealed that the existence of vortex in the mold is adjacent to the SEN. Therefore, it is essential to understand the behavior of vortex flow inside the mold for the design of effective methods of reducing the mold powder entrapment.
Figures 9(a) to 9(f) shows the predicted various vortex flow patterns 10 mm below the meniscus at some arbitrary times. At 89 s (Fig. 9(a) ) and 134 s (Fig. 9(b) ), one big vortex is located at the left side and right side of the SEN, respectively. At an arbitrary of 10 s, in Fig. 9(c) , two vortices are found at the left side of the SEN. 66 s later, in Fig. 9(d) , there are two vortices at the right side of the SEN. In particular, at 101 s, two vortices are located at both sides of the SEN with diagonal distribution; this is the first time to found this phenomenon in a thin slab mold using a mathematical model. Another important finding of three vortices at the meniscus are obtained using this model, as shown in Fig.  9(f) , two vortices are located at both sides of the SEN with diagonal distribution, another one is located between the SEN and wide wall of the mold. All the results show that the vortexing flow in the thin slab mold is complex, and the LES model is able to capture these phenomena. Figure 10 shows the predicted horizontal velocities along the centerline between wide walls of 10 mm below the meniscus for these times (Fig. 9) . The velocities of the two sides around the SEN are clearly different. Compared with the results of vortexing flow pattern in Fig. 9 , the vortex is located at the low velocity side adjacent to the SEN. The molten steel flow from the high velocity side through the side of the SEN meets the flow from the low velocity side, and shearing takes place to form a vortex.
Evolution of Asymmetrical Flow Pattern
A number of workers reported that the flow pattern inside the mold is not stationary but changes over frequently. And a few people analyzed the origins of asymmetries in continuous casting mold through estimating of scales of turbulence and the balance of the turbulent kinetic energy. Different from those works, the periodical asymmetrical flow pattern inside the thin slab mold is identified and characterized in the present work. Figures 11(a) The result further reveals the significant flow asymmetry in the lower recirculation zone, and the evolution of asymmetric flow can be divided in two processes: I) Evolution of asymmetric flow from right to left: At a time of 146 seconds, the left jet turns upward at about 3.2 m below the top surface, and the right jet keep downward along the narrow wall, leading the molten steel discharge through the right half of the mold, as shown in Fig. 11(a) . 3 seconds later, in Fig. 11(b) , the right jet begins turn left to the center and gradually connects with the upward jet; on the contrary, the left jet separate with previous upward flow jet and gradually turn downward. At 152 seconds, in Fig.  11(c) , the complete right jet turns upward at also about 3.2 m below the top surface, and the left jet keep downward along the narrow wall, leading the molten steel discharge through the left half of the mold.
II) Evolution of asymmetric flow from left to right: The changing process is similar with process I, the difference between I and II is the direction of asymmetric flow, which would changes from the left to the right, as shown in Figs. 11(d) to 11(f).
Periodicity of Asymmetrical Flow Pattern
In order to analyze the periodicity of the asymmetrical flow pattern, five points were selected, as illustrated in Figure 12 . Two points are located at 10 mm below the top surface, midway from the SEN and the narrow wall, referring to left-P1 and right-P2. Another two points are located at 0.355 m below the top surface near the SEN, referring to left-P3 and right-P4, which are located inside the jet. The last point is located 3.2 m below the top surface at the center of the mold, referring to P5, which is located inside the upward jet. All the data were sampled every 0.01 seconds from the simulation results. Figures 13(a) and 13(b) shows the model predictions of time histories of molten steel velocity at one pair of monitoring points (P3 and P4), symmetrically located in the mold (Fig. 12) . The velocities are always high and variable. The plot clearly indicates that a strong high-frequency fluctuation exit in the jet escaping from the SEN port. The fluctuation frequency is about 9 to 12 Hz. The results of mean velocities show that the jets are not symmetric between sides of the SEN. Figures 14(a) and 14(b) shows the time histories of molten steel velocity at another pair of monitoring points (P1 and P2), symmetrically located in the mold (Fig. 12) . Compared with the result of Fig. 13 , the high-frequency velocity variations decrease from the jet port to the meniscus. The fluctuation frequencies at points P1 and P2 are about 1 to 6 Hz. The results of mean velocities show that the meniscus fluctuation is not symmetric between sides of the mold. Figure 15 shows the model predictions of time histories of horizontal velocity (vz) at point P5. The positive and negative value of horizontal velocity for a long time represents the recirculation flow in the lower roll turn upward from the left side and right side of the mold, respectively. The plot clearly indicates that the low-frequency long-term asymmetries exit in the lower recirculation zone. And the direction of asymmetric flow is changing with time, corresponding to the results of Fig. 11 . The high-frequency velocity variations decrease from the jet port to the lower recirculation zone (1- . The spectrum of velocities shows that the behavior of low-frequency long-term asymmetries in the lower roll was cyclical, and the mean time interval for changeover is 14.28 seconds. In order to validate the accuracy of predicted period of Fig. 15 , the time histories of vertical velocities (vy) of molten steel at point P5 is monitored, as shown in Fig. 16 . Almost the values of vertical velocities are positive, indicating that the point P5 is located in the upward jet. So the prediction of Fig. 15 is effective. However, the time period of asymmetrical flow would be affected by other geometric and operating parameters, such as structure of the nozzle, casting speed, gas injection, and so on.
Conclusions
The instability and periodicity of the turbulence flow in a funnel thin slab continuous casting mold were studied using a transient large eddy simulation model. The predicted velocity fields were compared with previous measurements of the hot-wire anemometers and PIV. Following conclusions were obtained:
(1) The LES model can capture the similar transient behavior with the measured signals. The predicted velocities agree reasonably well with the previous measurements in the mold region. Overall, the LES model and calculation method established in this work is confirmed to be reliable.
(2) The turbulence flow consists of a range of scales vortices; many pronounced large scale vortex structures were clear found inside the mold, containing various small scale vortices between them.
(3) The vorticity is presented not only in vortices but also in shear flow, and the boundary shear flow often plays an important role in the creation of vortices. The shear flow can separate from the boundary, this way transporting vorticity into the interior of the flow, and possibly developing into a vortex.
(4) The intermittent chaotic vortex formation on both sides of the SEN was found at the meniscus. One big vortex, two vortices and three small vortices phenomena were captured using the LES model. And the vortices were located at the low velocity sides adjacent to the SEN.
(5) Significant asymmetry was seen in the instantaneous flow in the two halves of the thin slab mold cavity, especially in the lower recirculation zone. The periodical behavior of asymmetric flow inside the liquid pool was identified and characterized.
(6) The flow variations contain more energy in high frequency scales for the transient flow at the SEN ports. The high-frequency velocity variations decrease from the jet port to the meniscus and the lower recirculation zone. The spectrum of velocities shows that the behavior of low-frequency long-term asymmetries in the lower roll was cyclical, and the mean time interval for changeover is 14.28 seconds.
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